Information about environmental exposure to melamine and renal injury in adults is lacking. We investigated this relationship in 44 workers at two melamine tableware manufacturing factories in Taiwan (16 manufacturers, eight grinders, ten packers, and ten administrators) and 105 nonexposed workers (controls) at one shipbuilding company who were enrolled in August-December of 2012. For melamine workers, personal and area air samples were obtained at the worksite over 1 workweek (Monday-Friday). In the same week, pre-and post-shift one-spot urine samples were collected each workday and one first-spot urine sample was collected on each weekend morning and the following Monday morning. For each control, a one-spot urine sample was collected on Friday morning. A blood sample was also obtained from each participant at this time. Melamine levels were measured in air, urine, and serum, and early renal injury biomarkers were measured in urine. Urinary melamine concentrations in manufacturers increased sharply between pre-and post-shift measurements on Monday, remained significantly elevated throughout the workweek, and decreased over the weekend; changes in urinary melamine concentrations were substantially lower for other melamine workers. Manufacturers were exposed to the highest concentrations of ambient melamine and had significantly higher urinary and serum melamine concentrations than did the controls (P,0.001). Urinary melamine levels were positively associated with urinary N-acetyl b-D-glucosaminidase (NAG) levels but not microalbumin levels, and the detectable b2-microglobulin rate increased in the manufacturers group. In conclusion, ambient melamine exposure may increase the levels of urinary biomarkers of renal tubular injury in this occupational setting.
Kidney disease diagnosed with objective measures of kidney injury and dysfunction has been recognized as a major public health burden in the past few decades. 1 The population prevalence of chronic kidney disease exceeds 10% and is more than 50% in high-risk subpopulations worldwide. Accumulative evidence suggests that kidney injury causes numerous systematic complications and has even increased all-cause and cardiovascular mortality. 2 Before the development of renal function impairment or renal failure, several biomarkers such as microalbumin, N-acetyl b-D-glucosaminidase (NAG), and b2-microglobulin (b2-MG) in urine were used as early biologic indicators to monitor or predict its worsening 3, 4 Besides the well known independent risks for kidney disease such as age, sex, ethnic group, comorbidity (e.g., hypertension and diabetes), genetic components, reduced glomerular filtration rate, and increased urinary albumin excretion, newly emerging environmental chemicals such as melamine are also considered as additional crucial hazards. 1, 5 The melamine chemical is still ubiquitously present in our environment, even after the 2008 melamine incident in China that caused kidney-related diseases and kidney failure in children. 6 In 2012, Panuwet et al. reported that 76% of 492 urine samples from the general United States population were detectable for melamine (.0.66 ng/ml of method of detection limit [MDL] ). 7 Our recent data of 87 urine samples from 22 study children and 70 urine samples from their parents in one Taiwanese community revealed that in only two urine samples could melamine not be detected at a MDL of 0.8 ng/mL. 8 The aforementioned results indicated that both of these different ethnic populations are continuously exposed to melamine from the general environment.
One of the probable exposure sources of melamine chemical is from the wide and daily use of melamine-made tableware, which can migrate substantial amounts of melamine, especially at high temperatures or high acidity. 9, 10 These wares are made of a mixture of melamine and formaldehyde that forms a polymer resin. Because of the approval of the US Food and Drug Administration to allow the use of melamine-formaldehyde in the manufacture of food packaging, melamine tableware manufacturing has become a fast-growing business. 11 Some previous occupational epidemiologic studies have found that melamine-formaldehyde resin-related workers suffered from respiratory and dermal adverse health effects, probably due to ambient formaldehyde exposure. [12] [13] [14] In contrast, no one has examined the effect of melamine exposure on early renal injury in the same workplace. Thus we designed time-series and cross-sectional studies in melamine tableware manufacturing factories to investigate whether melamine exposure causes early renal injury by measuring several candidate markers for glomerular and renal tubular functions. In order to increase the incentive of workers to participate in this study, we also provided free health checkups for this occupational population.
RESULTS

Study Subjects
All 44 melamine tableware manufacturing workers (melamine workers), including 16 from manufacturing areas, eight from grinding areas, ten from packing areas, and ten from administrative areas, who worked for $1 year in Factories A and B were recruited (Table 1) . Another 105 office staff from Factory C served as the comparison group. 
Time-Series Study
Among the 44 melamine workers, 14 were measured for ambient personal melamine and formaldehyde for 5 consecutive days during the working week (from Monday to Friday) and 35 had one-spot urine samples collected consecutively pre-and post-shift from Monday to the end-of-shift on Friday. In addition, three first-spot urine samples on the mornings of Saturday and Sunday and the following Monday were collected ( Figure 1 ). Urinary melamine concentrations in manufacturers increased sharply during Monday post-shift and the highest levels were recorded on Thursday post-shift. The levels then decreased during the weekend, returning to similar concentrations by Monday pre-shift ( Figure 1A , Supplemental Table 3 ). Mean ambient melamine concentrations and across-shift change of urinary melamine concentrations were highest in manufacturers, followed by grinders or packers, and the lowest levels were in office staff ( Figure 1A , Supplemental Table 4 ). A similar pattern was present for ambient formaldehyde (Supplemental Table 4 ). The real-time ambient particle concentrations were also higher in the manufacturing area than in the administrative area (Supplemental Figure  4 , Supplemental Table 5 ).
Generalized linear mixed models using the generalized estimating equation found that the daily difference of urinary melamine concentrations was significantly higher in manufacturers than in nonmanufacturers (Supplemental Figure 5A , Supplemental Table 6 ). In addition, urinary melamine concentrations increased in both manufacturers and nonmanufacturers during the work and returned to baseline on the weekend. Ambient melamine but not ambient formaldehyde concentration was significantly correlated with the daily difference in the pre-and post-shift urinary melamine concentrations (P=0.034) (Supplemental Table 6 ).
Cross-Sectional Study
Melamine exposure markers and renal injury indicators categorized by worksites are shown in Table 2 . Because of menstruation, two, one, one, and one female melamine workers in manufacturing, grinding, packing, and administrative areas, respectively, did not provide urine specimens for urinary melamine and renal injury indicators. In the nonexposed workers, we randomly selected one-spot urine samples from 42 for urinary melamine measurement.
We found that manufacturers had the highest urinary melamine concentrations with or without creatinine correction, followed by grinders and packers ( Table  2 ). The lowest concentration was in the controls. For serum melamine, all were detectable in manufacturers. A high correlation was found between urinary and serum melamine in 39 melamine workers (Spearman correlation coefficients r=0.808, P,0.001) (Figure 2A ).
For urinary renal injury indicators, we found that manufacturers had the highest NAG levels and the highest detectable b2-MG rate and the nonexposed workers had the lowest NAG levels ( Table 2 , Supplemental Figure 6A ). However, this significant pattern was not found for urinary microalbumin (Supplemental Figure 6A) . The results remained similar even after excluding one outlier ( Figure 2 , A and C). Other serum renal function markers and laboratory data were not significantly different between manufacturers and nonexposed workers ( Table 2, Supplemental Table 7) . After controlling for other covariates, we found that urinary melamine levels were significantly and positively associated with NAG levels and the detectable rate of b2-MG (Table 3) . The results remained significant even after further adjusting for hypertension (Supplemental Table 8 ). Categorized by worksites, both significant levels were also present in manufacturers when compared with nonexposed workers (Table 3) . In contrast, a significant level was not found in urinary microalbumin (Supplemental Table 8 ).
DISCUSSION
This study found the temporal changes of urinary melamine concentrations in melamine workers. In addition, air, serum, and urine melamine levels were highly correlated. Melamine workers in manufacturing areas were exposed to the highest melamine levels. The higher the urinary melamine levels, the significantly higher the urinary NAG levels and the greater the detectable rate of urinary b2-MG noted.
Melamine tableware consists of 70%-75% melamineformaldehyde resin and 25%-30% refined wood pulp, and the rest is tiny amounts of aluminum stearate and magnesium stearate. Thus, melamine-formaldehyde resin, a dry white condensate of melamine and formaldehyde, is the main raw material to produce melamine tableware. During the manufacturing of melamine tableware, the workplace is full of coarse and fine particles containing melamine. Previous studies have only focused on the effect of air formaldehyde exposure on respiratory and dermal health due to the unknown health impact of melamine (Supplemental Table 9 ). [12] [13] [14] [15] [16] [17] Ours is the first study to comprehensively examine the exposure assessment of melamine and its health effect in the occupational setting. Two prior studies only measured ambient melamine exposure either from one laboratory chamber or from the field with different exposure sources. 18, 19 Pukkila et al. first measured ambient melamine concentration in the process of epoxy powder coating curing in the laboratory and the highest melamine concentration was found in 400 mg/m 3 . 18 Recently, Yassine et al. measured ambient melamine emission from a diesel engine employing selective catalytic reduction technology and found the exposure level to be nondetectable to 11.0 mg/L. 19 A wide range of urinary melamine concentrations from nondetection up to approximately 2000 mg/mmol was found in infants or children who were exposed to melamine-tainted milk in China, Taiwan, and Hong Kong (Supplemental Table  10 ). [20] [21] [22] [23] Our previous study has suggested that the half-life of melamine excretion in human urine is relatively short, approximately 6 h. 10 This study further demonstrated that the exposure pattern in melamine workers, particularly manufacturers, showed an accelerating increase in the afternoon and then slightly declined the next morning, and finally sharply decreased during the weekend. Thus, the low-melamine concentrations in urine of affected children in previous studies were probably due to delayed urine collection. In addition, the study found that urinary melamine concentrations in melamine workers can reach approximately 100 mg/mmol. For the nonexposed workers, their urinary melamine concentrations, mostly ,2 mg/mmol, were similar to the general Caucasian and Asian populations. 7, 8 However, urinary melamine concentrations in melamine workers in administrative areas were slightly higher than those in the general population, probably due to the adjacency of the workplace of the manufacturing process and consequent melamine particular "drift."
Markers representing early renal injury such as microalbumin, NAG, and b2-MG have been well recognized in many review articles. 24, 25 Microalbuminuria is a well known early marker of renal glomerular damage in the general population, whereas NAG and b2-MG have been recognized to be useful clinical markers for early renal tubular damage. 8 This study found that melamine exposure was associated with NAG and b2-MG but not microalbumin, suggesting that the initial damage by melamine is mainly in renal tubular cells and is consistent with our previous in vitro study that showed that low and chronic melamine insult in human renal proximal tubular cells can increase cellular reactive oxygen species, decrease antiapoptotic/proapoptotic protein ratio, and eventually result in cell apoptosis prior to renal morphologic change. 26 Thus, the proposed mechanism in this study is quite different from that in the 2008 toxic milk scandal from China in which affected children suffered from acute renal injury directly caused by the formation of renal stones from the cocrystallization of melamine and other body ions, such as phosphate or uric acid, during urine filtration due to the large consumption of melamine-tainted baby milk formula.
Melamine chemical is present in our environment, even after the wind-down of the melamine incident in China. 7, 8 One of the main sources is from the universal use of melamine tableware and kitchenware, 9, 10 which are produced by melamine workers. Although the melamine workers in this study did not have abnormal clinical data of renal function, including serum BUN, creatinine, uric acid, eGFR and estimated creatinine clearance rate, and prominent abnormal renal morphology or increased renal stones by renal echo, preclinical renal injury markers have changed, as has been demonstrated in this study. Two possible explanations are that (1) early renal injury caused by melamine in the study may precede the impairment of clinical renal data and (2) the health workers' effect whereby workers exposed to high doses of melamine who developed clinical symptoms and signs might have left the workplace and not be recruited in this cross-sectional study; this might cause an underestimation. In contrast, this study also found that the control group had a 10% incidence of kidney stones, possibly due to different etiologies in different occupational settings. Although the general population is probably not exposed to melamine levels as high as those in melamine workers, the health impact for low-dose long-term melamine exposure in vulnerable groups, such as children and pregnant women, still needs attention. 17 The design is mainly cross-sectional and thus a reverse causality of melamine exposure and early renal injury is likely. However, if this is true, we probably also observed increased excretion of microalbumin accompanied by high urinary melamine excretion. 27 However, this study only showed that melamine exposure is significantly and positively associated with NAG and b2-MG, but not microalbumin in urine, suggesting that the probability of reverse causality is minimal. Because ambient formaldehyde concentrations and ambient melamine concentrations were highly correlated by worksites (Figure 1 ), we cannot adjust for the impact of formaldehyde on biomarkers of renal tubular injury to avoid collinearity, which has the potential to introduce confounding bias. Another limitation is that measures of other environmental and occupational nephrotoxins, such as lead and cadmium etc., were not available in this study. In addition, we did not measure cyanuric acid, because these two factories did not use any cyanuric acid or urea to substitute melamine based on workplace inspection. However, one previous study has shown that gut microbiota in rats has the ability to transform melamine into cyanuric acid. 28 Thus, the effect of cyanuric acid on renal function in this population cannot be ignored. Again, no information about microscopic hematuria was available in this population; thus, we cannot explore the interactive effect of hematuria and melamine on biomarkers of early renal tubular injury. Finally, the sample size was relatively small and the generalizability of this occupational study to the public is necessarily cautionary.
We conclude that exposure to air melamine may increase the levels of urinary biomarkers of early renal tubular injury in this occupational setting. However, the significance of these biomarkers with regard to the progressive loss of kidney function or long-term renal damage remains unclear. A long-term follow-up study in this population can clarify the relationship between continuous melamine exposure and chronic kidney diseases.
CONCISE METHODS
Study Population and Study Design
This study followed the guidelines of STROBE (Supplemental Table 1 ). 29 The cross-sectional study was carried out at two local melamine tableware manufacturing factories (Factories A and B) in southwestern Taiwan (Supplemental Figure 1) . The study population consisted of melamine workers who had a current occupational exposure to different concentrations of melamine from raw materials of melamineformaldehyde powder in the air and who had a work history of $1 years (exposed group). Factories A and B were estimated to use approximately 1000 kg and approximately 500 kg of raw materials daily, respectively. According to the workplace inspection, melamine workers mainly work in four different sites: the manufacturing and molding area (manufacturing area), the grinding and polishing area (grinding area), the packing area, and the administrative area. All exposure monitoring, personal information, and health check-ups, performed by the Department of Occupational Medicine, Kaohsiung Municipal Hsiao-Kang Hospital (KMHKH), were completed between August and December of 2012.
In order to compare this exposed group, we recruited eligible workers who worked as office staff from another large company, had no current or past exposure to melamine or other chemicals known to cause renal injury, came to the KMHKH for health check-ups in the same month as the exposed workers, and agreed to participate in this study. The final comparison group (nonexposed workers) was from one shipbuilding company (Factory C). All study workers in these three factories worked weekdays from Monday to Friday, 8:00 AM to 5:00 PM, and were off on the weekend (Saturday and Sunday). Because the business was temporarily down in Factory B, that company took one more day off (Friday) to reduce the making of products during the collection of their biospecimens. This study was approved by the Institutional Review Board of Kaohsiung Medical University Hospital and all study subjects gave written informed consent.
Collection of Air, Urine, and Blood Samples Continuous Air Samplings for 5 Days
Among the melamine workers, personal breathing-zone and area air samples were used to measure particular-phase melamine and gaseous-phase formaldehyde by using AirLite SKC air sampling pumps (SKC Ltd., Dorset, UK) with glass fiber filters (0.7 mm pore size) for melamine and 2,4-DNPH cartridges (Supelco, PA) for formaldehyde at a flow rate of 2.0 l/min for approximately 8 h per day during working hours. The collection points of both personal and area samples (2-3 samples) was randomly selected in four main worksites of Factories A and B and both measurements were from Monday to Friday in 1 week.
In order to measure the ambient distribution of dust particle sizes (PM10, PM2.5, and PM1) in a real-time status (one measurement every minute) for 8 h, we simultaneously placed one portable laser aerosol spectrometer and one dust monitor (Model 1.108/1.109; GRIMM Aerosol Technik GmbH & Co. KG, Ainring, Germany) in the manufacturing area and administrative area in Factory A from Monday to Friday during the study period. This dust monitor is a compact portable device, which is built for continuous measurement of airborne particles as well as for measuring the particle count distribution.
on the mornings of the weekend (Saturday and Sunday) and the following Monday, of which the total samples were 13 (Supplemental Figure 1 ). All urine samples were stored at 220°C until analysis.
One-Time Blood and Urine Samples
One-time blood and urine samples were collected on the morning of the fifth working day after physical examination by occupational physicians. Each blood sample was divided into three separate samples: one for blood routine, one for serum biochemistry such as liver function, cardiometabolic function, and renal function (BUN, creatinine, and uric acid), and the other for measuring serum melamine. The one-spot urine sample was taken for routine urinary analysis and measured for early biomarkers of renal injury, including microalbumin, NAG, and b2-MG in both exposed and nonexposed workers. Serum was stored at 280°C until analysis.
Analytical Methods of Exposure and Outcome Indices
Melamine in air, serum, and urine was measured by a liquid chromatography-electrospray ionization-tandem mass spectrometry assay method, whereas formaldehyde in air was measured by the method of high-performance liquid chromatography with ultraviolet detection (see Supplemental Materials). All markers of early renal injury and other biochemistry were analyzed at the KMHKH.
Statistical Analysis
In the time-series study, we first plotted the temporal change of ambient melamine and formaldehyde and the daily pre-and post-shift urinary melamine concentrations from the four worksites. Then, Spearman rank correlation coefficients were used to study the correlation of the across-shift change of urinary melamine concentrations defined as either post-shift melamine on the fifth day (Factory A) or fourth day (Factory B) minus pre-shift melamine on the first day with air average melamine (5-day and 4-day average for Factories A and B, respectively).
The generalized estimating equation was used to investigate the relationship of the daily difference of urinary melamine concentration (post-shift minus pre-shift in each day from the first to the fifth day) to the daily ambient melamine concentrations (first to fifth day) or by worksites (manufacturers versus nonmanufacturers), after adjusting for appropriate covariates. The confounding effect of each working day and weekend was also considered. Because melamine and formaldehyde in air were highly correlated, we ran the two parameters separately.
In the cross-sectional study, we tabulated and compared demographic and clinical characteristics across four worksites and nonexposed workers, as well as between manufacturers and nonexposed workers, by using parametric and nonparametric statistics whenever appropriate. The Spearman correlation was used to examine the relationship of urinary melamine with serum melamine and urinary microalbumin and NAG. If necessary, urinary markers were corrected by urinary creatinine before statistical analysis.
Multiple linear regression or logistic regression was used to examine the relationship of each renal injury indicator with urinary melamine levels as continuous variable or categorical variable after adjusting for other covariates. If any continuous variable of renal injury marker was not normally distributed, log 10 -transformation was performed. For covariates in the model, we first included the variable of serum uric acid, because it was the most important risk factor of urolithiasis in previous studies, including ours. 30, 31 Then, other covariates were added to models in a forward stepwise selection and were finally included if they altered the association between melamine exposure and risk of renal injury indicators by greater than 10%. The additional covariates included age, sex, education, body mass index, smoking status, and serum uric acid. The data were analyzed using the Statistical Analysis System statistical package. All P values were two-sided and statistical significance was defined as P,0.05.
